Objectives: To investigate the relationship between the angiotensin I-converting enzyme 1 (ACE) I/D polymorphism and adiposity-related phenotypes in a large cohort of toddlers and preschoolers. Methods: Body composition measurements and DNA samples were obtained from 2102 Greek children aged 1-6 years, as part of a large-scale epidemiological study (GENESIS). All children were genotyped for the ACE I/D polymorphism and gender-and age-stratified statistical analyses were performed. Results: In girls aged 4-6 years, the D-allele was associated with higher measurements of body mass index (BMI) (P ¼ 0.018), waist (P ¼ 0.001) and upper arm (P ¼ 0.013) circumferences, genotype accounting for 2.5, 4 and 3% of the phenotypic variance, respectively. In boys, the D-allele showed strong associations with lower BMI (P ¼ 0.001) at the age of 1-2 years that explained 17% of the phenotypic variance and with larger suprailiac skinfold (P ¼ 0.008) at 3-4 years old that explained 2% of the variance. No other significant associations between the ACE I/D polymorphism and adiposity-related phenotypes were found. In girls, the age at which significant associations were revealed coincided with the age at which BMI was observed to increase after its developmental nadir, but this feature of the association was not observed in boys. Conclusions: The ACE I/D polymorphism is associated with developmental and physiological changes in adiposity-related traits during early childhood in a gender-and age-specific manner.
Introduction
The prevalence of obesity is increasing worldwide [1] [2] [3] and this increase is believed to be due largely to changes in key environmental factors 4 such as an increase in the fat content of the diet 5 and a decrease in physical activity. 6 However, the extent to which such environmental factors impact on obesity is also dependent on genes and it is estimated that 40-70% of the interindividual variation in adiposity (as estimated by heritability in twin and family studies 7 ) is due to gene-environment interactions. Longitudinal studies have also revealed age-specific effects of both genes and environment, postulated to be due to different gene expression profiles at different ages and to age-related variability in exposure to environmental influences. 7 Genetic influences on obesity-related phenotypes may be stronger in young individuals and therefore easier to detect and measure, as the environment had less time to exert confounding effects than at later ages. 7 The current study reports results from the GENESIS study, which assessed growth and development in Greek preschool children aged 1-6 years and observed a higher prevalence of overweight and obesity compared to previous studies in USA children. 8 More than 420 findings of positive associations between obesity phenotypes and genetic variation in over 125 candidate genes have been reported. 9 The genes studied have largely been those implicated in the regulation of adipose tissue metabolism and those controlling energy intake and expenditure. One candidate, the angiotensin I-converting enzyme 1 (ACE) gene, encodes a carboxypeptidase that is a key component of the renin-angiotensin system (RAS), which converts angiotensin I into a biologically active hormone, angiotensin II (a potent vasoconstrictor). 10 ACE also has the ability to hydrolyze numerous other peptide substrates. 11 Tissue RAS systems with all the necessary components for angiotensin II synthesis have been identified in a number of peripheral tissues including adipose tissue. 12 Angiotensin II has been shown to increase lipid synthesis and storage in adipose cells in vitro 13 and may therefore play an important role in growth and differentiation of this tissue. The ACE gene is highly polymorphic with over 100 polymorphisms listed in dbSNP (www.ncbi.nlm.nih.gov/ SNP/snp_ref.cgi?locusID ¼ 1636). The most commonly studied polymorphism in the ACE gene is the I/D polymorphism with alleles characterised by the presence (insertion, allele 'I') or absence (deletion, allele 'D') of a 287 bp Alu repeat sequence in intron 16. This polymorphism is associated with almost half of the variance in serum ACE activity in Caucasian populations, with homozygotes for the D allele showing higher plasma ACE levels than individuals with the ID (intermediate ACE levels) or II (lower ACE levels) genotypes.
14 Although ACE I/D is not the causative variant for serum ACE levels, a better candidate being rs4363 (a SNP at genomic nucleotide position 22 982), 15, 16 I/D is a sufficiently good marker of circulating ACE activity in Caucasian populations as it is in almost complete linkage disequilibrium with rs4363. 17 Moreover, in a previous study in older Greek girls (11-18 years old), the ACE I/D polymorphism showed a degree of association with obesity-related phenotypes that was not exceeded by other ACE polymorphisms. 18 As there are no data on the association between the ACE I/D polymorphism and adiposity-related phenotypes in young children, the present study was conducted to assess this association in the large population of Greek toddlers and preschoolers from the GENESIS study. 8 
Methods

Subjects
Subjects were selected from a large-scale epidemiological study (GENESIS: Growth, Exercise and Nutrition Epidemiological Study In preSchoolers); further details about the design of the study and descriptive characteristics of this cohort can be found elsewhere. 8 The selected cohort comprised 2374 healthy children aged 1-6 years attending public and private nurseries in five geographical districts of Greece: Athens, Aitoloakarnania, Thessaloniki, Halkidiki and Helia. These counties are widely scattered across Greece and account for approximately 70% of the total Greek population. 8 The sampling of the nurseries was random, multistage and stratified by the total population of children. The regions that took part in the study were classified as 'large urban areas', 'urban areas' and 'rural areas and small towns'. The proportion of the total nursery population sampled was 55.5 (boys) and 56.8% (girls) in 'large urban areas', 23.1 (boys) and 21.8% (girls) in 'urban areas' and 21.4% (for both genders) in 'rural areas and small towns'. The prevalence of highly educated parents was higher in 'large urban areas' compared to 'urban areas' and 'rural areas and small towns'. 8 Written informed consent for the participation of their children in the present study was obtained from all parents. The participation rate varied from 54 to 95%, with the highest rates being observed in rural areas and the lowest in urban areas. 8 The study was approved by the Ethics
Committee of Harokopio University of Athens and by all municipalities taking part in the study. There was no selection of subjects for inclusion based on any phenotypic characteristic including health grounds and therefore the study sample represents an unselected cross-section of the general population in the age range 1-6 years.
Anthropometry
Subjects from each nursery school underwent a physical examination by two trained members of the research group in a classroom provided by the school. The protocols and equipment used for all measurements were the same for all regions. The physical examination included basic body composition measurements (weight, height, waist, hip and mid-upper arm circumferences), as well as measurement of body fat at four sites (biceps, triceps, subscapular and suprailiac). Weight was measured to the nearest 10 g using a Seca digital scale (Seca Alpha, Model 770, Hamburg, Germany). Subjects were weighed in their underwear, without shoes. Recumbent height was measured to the nearest 0.1 cm in all subjects without shoes using a portable measuring wooden board with a stationary headboard, a vertical moving foot piece and a horizontal back piece with a measuring tape on it (manufactured for the purposes of this study). Standing height was also measured to the nearest 0.1 cm in all subjects older than 2 years using a commercial stadiometer (Leicester Height Measure, Invicta Plastics Ltd, Oadby, UK). Weight and height were converted to body mass index (BMI) using Quetelet's index (weight (kg)/height 2 (m 2 )). 19 Waist, hip and arm circumferences were measured to the nearest 0.1 cm using a non-elastic tape (Hoechstmass, Germany). Waist circumference was measured at the end of a gentle expiration after placing the measuring tape in a horizontal plane around the trunk, midway between the lower rib margin and the iliac crest. Hip circumference was measured at the point yielding the maximum circumference over the buttocks. Right arm circumference was measured at the midpoint of the upper arm, half way between the acromion and the olecranon. Biceps, triceps, subscapular and suprailiac skinfold thickness was measured on the right side of the body to the nearest 0.1 mm using a Lange skinfold caliper (Cambridge Scientific Industries Inc., Cambridge, MA, USA). The right side of the body was chosen for anthropometry as differences between left and right sides seem not to be biologically significant in prepubertal children. 20 ACE I/D polymorphism and adiposity in toddlers and preschoolers V Lagou et al
DNA extraction
Buccal cell samples were obtained noninvasively by cytology brush (Medical Packaging Corporation, CA, USA) from 2102 subjects (1095 boys and 1007 girls) according to the recommendations of the manufacturer and stored in eppendorf tubes containing cell lysis solution (0.1 M EDTA, 1% SDS, 0.1 M Tris-Hcl, pH 7.6). Genomic DNA was extracted using Nucleospin Tissue columns or 96-Tissue purification kit (ABgene, Epsom, Surrey, UK) and was stored at À201C.
Genotyping DNA amplification was carried out for the ACE I/D polymorphism and genotypes deduced as previously described. 18 Briefly, a three-primer system was employed that included a forward primer specific for the deletion (D) sequence, a forward primer specific for the insertion (I) sequence and a common reverse primer. PCR reactions were performed in a final volume of 25 ml and the presence of the I-and D-allele resulted in 252 and 197 bp products, respectively.
Statistical analyses
Individuals with any missing phenotypic data were excluded from the statistical analysis. Allele frequencies were calculated for the ACE I/D polymorphism and deviations of genotype frequencies from Hardy-Weinberg equilibrium were assessed by w 2 tests. Subjects were analyzed separately by gender as previous studies have indicated the presence of gender-specific effects of the ACE I/D genotype on phenotype. 21 Because body composition undergoes marked changes during the first decade of life 22 and to control for secular trends in adiposity, 8 subjects from each gender were assigned to single-year age groups: 13-24 months (1-2 years), 25-36 months (2-3 years), 37-48 months (3-4 years) and 49-71 months (4-6 years). Phenotypic distributions for each gender and age group were tested separately for normality using the Ryan-Joiner test 23 and datasets with non-normal distributions were transformed by Box-Cox transformation. 24 Mean values and 95% confidence intervals (CIs) for each phenotype were subsequently back-transformed for presentational purposes. The influence of the ACE I/D genotype on adiposityrelated variables was evaluated by one-way analysis of variance (ANOVA) using MINITAB 13.30 (Minitab Ltd, Coventry, UK). Multiple testing was controlled for by adjusting the cut off P value for significance (the a value) within each gender and age group using the Dunn-Sidak method with correction for repeated tests and correlations between data sets as implemented on the Simple Interactive Statistical Analysis (SISA) website. 25 For each age group, the mean correlation (r) between the adiposity-related phenotypes evaluated in these analyses was calculated as the square root of the mean of the squared partial correlations between them (Supplementary data Table 1 ).
Associations significant after correction for repeated tests were further assessed by correlation analyses to evaluate possible genetic models underlying the association. 18 The proportion of phenotypic variance explained by the ANOVA, which is model-free, was compared to the proportion of variance explained under each genetic model by correlation analysis (r C 2 ). The ratio of these proportions gives the proportion of the genetic variance at the tested locus explained under a specified model. Models tested were the allelic additive model and the two fully dominant models. Genotypes were expressed as dummy variables in the correlation analysis (0, 1, 2 for the additive model and 0, 0, 1 or 0, 1, 1 for the dominant genetic models depending on which allele was being tested for dominance). The additive model is the easiest to explain mechanistically, with the mean of the heterozygotes being exactly intermediate to the means of the two homozygote groups. A dominant model explains the data best when the heterozygote mean is close to one of the homozygote means. Odds ratios were calculated after dividing the population into three groups based on low (0-25%), pooled-middle (25-75%) and high (75-100%) quartiles to assess whether the influence of genotype on phenotype took place over the whole phenotype range or only at one extreme. Odds ratios were calculated as the likelihood of individuals of a given genotype being present in a particular quartile compared to their likelihood of being in the remaining quartiles. Significant associations were assessed by using 2 Â 2 w 2 -tests and 95% CIs.
Results
Genotyping and phenotyping A total of 2102 children (1095 boys and 1007 girls) were phenotyped and marked differences between boys and girls were found (Figure 1 ), a reflection of gender-specific differences in growth and development. Genotyping for the ACE I/D polymorphism was successful in 2008 individuals (1037 boys and 971 girls). The population was found to be in Hardy-Weinberg equilibrium at this locus (w 18 There were no differences in genotype frequencies between boys and girls (w
ACE I/D genotype associations with phenotypes After performing the Dunn-Sidak correction for multiple testing for each age group, differences between the means of the I/D genotypes for BMI (1-2 years) (a value ¼ 0.015) and suprailiac skinfold (3-4 years) (a value ¼ 0.020) in boys (Table 1) , as well as for BMI (4-6 years), waist (4-6 years) and arm (4-6 years) circumferences (a value ¼ 0.022) in girls ACE I/D polymorphism and adiposity in toddlers and preschoolers V Lagou et al (Table 2 ) were found to be statistically significant. ANOVA tests revealed that boys 1-2 years old with the II genotype had significantly higher mean values for arm and waist (P ¼ 0.001) (Figure 2 ) than did boys with either ID or DD genotypes (Table 1) . At 3-4 years, boys with the II genotype showed lower suprailiac skinfold (P ¼ 0.008) (Figure 2 ) compared to boys with either ID or DD genotypes (Table 1) . At 4-6 years of age, girl carriers of the D allele had higher BMI (P ¼ 0.018), arm circumference (P ¼ 0.013), waist circumference (P ¼ 0.001), hip circumference (P ¼ 0.046) and triceps skinfold (P ¼ 0.028) than girls with the other genotypes ( Table 2) . ANOVA tests for identifying significant associations between the sum of skinfolds and I/D polymorphism produced no stronger association than the individual skinfolds for any of the age groups (data not shown). The mean values for all anthropometric parameters according to gender and ACE I/D genotypes are shown in the Supplementary data Tables 2 and 3) .
Determination of the type of genetic effect observed for associations with the I/D polymorphism To determine the genetic mechanism for the significant associations, three genetic models (additive and dominance models) were tested using correlation analysis against model genotype scores. In 4-6-year-old girls, an additive model best explained the statistically significant associations observed between I/D genotype and BMI, waist and arm circumferences accounting for 96% of the genetic variance for BMI and 99% for both circumferences. In boys, a D-dominant model could explain 98 and 99% of the genetic variance for BMI (1-2 years age group) and suprailiac skinfold (3-4 years age group), respectively ( Figure 2 ). ACE I/D genotypic effects on the phenotypic distribution As already mentioned, significant associations of the I/D polymorphism with adiposity phenotypes could be owing to a small number of extreme individuals influencing the ANOVA analysis, or to a distributed effect of the polymorphism on most of the population. When tested by odds ratios in girls 4-6 years old, DD homozygotes were significantly underrepresented in the lowest quartile for arm and waist circumferences and II homozygotes significantly overrepresented in the same quartile for arm and waist circumferences (Table 3) . However, neither genotype (DD or II) was significantly overrepresented or underrepresented in the highest quartile for these phenotypes indicating that the effect of the I/D genotype was mainly in the leaner end of the population distribution. In boys 1-2 years old, II homozygotes (n ¼ 11) were significantly underrepresented (0/11) in the lowest and overrepresented (9/11) in the highest quartiles for BMI, indicating that the effect of the I/D genotype was throughout the phenotypic range, whereas 
Abbreviations: BMI, body mass index; I/D, insertion/deletion. Summary of associations between I/D genotypes and adiposity-related parameters assessed by ANOVA in boys. For each test, mean values, 95% confidence intervals are given, as well as percentage variance explained by ANOVA (V), probability (P), and the number (N) of individuals of II, ID and DD genotypes respectively. P values are given to three significant figures. Tests significant before (Po0.05), but not after Sidak correction are indicated in italics; tests that remained significant after Sidak correction for each age group are indicated in bold. Only age groups with at least one significant association after Sidak correction are shown.
ACE I/D polymorphism and adiposity in toddlers and preschoolers V Lagou et al in boys 3-4 years old, II homozygotes (n ¼ 72) were significantly overrepresented (n ¼ 28) in the lowest quartile, but not significantly underrepresented (n ¼ 14) in the highest quartile for suprailiac skinfold indicating that the effect of the polymorphism was mainly on the leaner end of the distribution (Table 3) .
Discussion
Longitudinal twin studies have suggested that genes have a greater influence on the development of obesity than environment in young populations. 7 In the present study, the effects of the ACE I/D polymorphism on adiposity indices were investigated in a population of toddlers and preschool children. The D-allele was significantly associated with higher scores for three adiposity-related phenotypes (BMI, waist and arm circumference) in girls aged 4-6 years (Table 2) , a finding in agreement with previous studies in teenagers 18 and adults, 26, 27 where DD individuals showed increased adiposity compared to II and ID genotypes. In boys 3-4 years old, homozygotes for the D-allele were also significantly associated with higher suprailiac skinfold (Table 1) , again in agreement with a previous report showing increased adiposity in Italian men of the DD genotype. 26 In contrast, in younger boys aged 1-2 years, the D-allele showed Figure 2 ACE I/D genotype differences in BMI and subscapular skinfold for 1-2-year-old boys. P, probability, V, observed variance explained; N and number within group.
ACE I/D polymorphism and adiposity in toddlers and preschoolers V Lagou et al a strong association with lower BMI (P ¼ 0.001) (i.e. II homozygotes having higher BMI values) that explained 17% of the phenotypic variance (see Table 1 and Figure 2) . No previous studies have associated the ACE I allele with higher adiposity measurements. Although greater genetic effects are likely to be found in younger populations due to a reduced confounding effect of the environmental as previously suggested 7 and as shown in the current study, it is possible that the ACE genotype only influences adiposity during particular developmental stages, presumably because of other events and processes occurring at that time. In the population studied here, BMI decreased until the age of about 4 years (48 months) ( Figure 1 ) and then began to rise in both genders. In girls, the strongest associations with the ACE genotype were found during this latter phase, age 4-6. Figure 1 shows that all the measured subphenotypes (arm and waist circumferences and biceps skinfold) are increased during this period, suggesting that this is a genuine increase in adiposity. In contrast, in boys after 48 months, biceps skinfold decreased and leveled off while arm circumference increased as BMI increased ( Figure 1 ). As such, the BMI increase at this time may be as much related to an increase in muscle and/or bone mass as to an increase in adipose tissue mass. The finding that the ACE genotype affects these measures in girls but not in boys at this time suggests that this effect is mediated though adipose tissue metabolism and growth, rather than other growth processes. Furthermore, in view of the contradictory results obtained in younger boys, the finding of altered expression of different angiotensin receptor types during the first years of life may be significant. 28 The influence of the ACE I/D polymorphism on adiposity was found to be relatively small (see percentages of phenotypic variance in Tables 1 and 2) , as expected for a complex trait and it is presumed that the effect is mediated possibly through interactions with other susceptibility genes and/or environmental factors. A distributed effect of the I/D genotypes over the whole phenotypic range, as shown by odds ratios (Table 3) , also supports the fact that the ACE gene is a polygenic quantitative trait locus. Environmental factors such as nutritional status and levels of physical activity may also modulate the extent to which the I/D polymorphism influences obesity, as previously suggested. 18, 29 In particular, the previous study in Greek teenagers 18 revealed significant associations between the DD genotype and larger skinfold thickness in inactive females, but not in inactive males or ACE I/D polymorphism and adiposity in toddlers and preschoolers V Lagou et al active females. The young children in the GENESIS study showed an increased tendency for reduced physical activity and increased energy intake with advancing age. 8 Specifically, children aged 4-5 years old tended to spend more time watching television and were less physically active than children in younger age groups (1-2, 2-3 and 3-4 years old). Similar trends have previously been reported in schoolchildren aged 5-6 years, 30 although a previous study in preschool children aged 3-4 years reported an increase in physical activity over a one-year period. 31 Therefore, it is possible that physical inactivity even at this young age (e.g. girls aged 4-6 years in the present study) may interact with the ACE I/D polymorphism and in doing so influence body fat accumulation in a similar manner as previously reported in Greek teenage girls. 18 Although the present study provides further support for the ACE I/D polymorphism being a good candidate gene for human obesity, 18, 26, 27 the precise mechanism by which ACE may produce this effect remains unclear. The primary role of ACE is to convert angiotensin I into angiotensin II (a potent vasoconstrictor). 10 The main components of the tissue RAS systems, which can generate angiotensin II and other active peptides independently of circulating RAS components, are expressed in both visceral and subcutaneous adipose tissue. 32 Although the exact role of angiotensin II in adipose tissue
is not yet clear, it has been shown to promote adipocyte growth and differentiation and can inhibit lipolysis by reducing skeletal and adipose-tissue blood flow leading to increased fat storage in normal-weight and obese subjects. 33 Furthermore, angiotensin II has been shown to increase lipid synthesis and storage in adipose cells in vitro 13 and therefore, may play an important role in growth and differentiation of this tissue. The DD genotype is associated with higher circulating ACE levels than the other I/D genotypes. 14 In the context of obesity, the I/D polymorphism (or another polymorphism in strong linkage disequilibrium with it, if it turns out not to be the functional polymorphism responsible for these associations) may modulate locally produced angiotensin II levels at particular stages of development, resulting in the significant associations found between the I/D polymorphism and adiposity-related phenotypes in this and other studies. 18, 26, 27 
